Abstract Silvicultural models are often developed and applied without due consideration of fire modelling. Yet, this information is important for designing treatment options to lower fire hazard. We used the FlamMap software to assess potential fire behaviour under extreme fire weather conditions within a 10,881-ha maritime pine landscape in central Portugal, the Leiria National Forest. Models describing fire hazard and providing information to assess potential benefits of stand-level fuel treatments were developed based on fire behaviour simulation. These models use as predictors stand variables and may assist forest managers in identifying hazardous areas in pine forests. Models were built from a database comprising 94,207 unique combinations of variables to detect significant fire-landscape interactions between stand-level features and fire behaviour. A set of compatible models that express crown fire likelihood and tree mortality were fitted using logistic regression. Additionally, classification tree analysis was used to model the type of fire, fire suppression difficulty, and tree mortality. The results highlight the potential of this methodology to explain the influences of fuel-and stand-related variables on fire hazard. This approach allowed the identification of straightforward discrimination rules to implement fuel treatments that prevent crown fires, enhancing the effectiveness of fire suppression and thereby reducing fire damage in fire-prone forest stands. Results further allow developing specific hazard-reduction prescriptions based on common forest metrics without resorting to advanced simulation modelling.
Introduction
Fuel-reduction options to decrease fire hazard are available for pine forests (e.g. Pollet and Omi 2002; Fernandes and Rigolot 2007 ), yet the quantitative methods available for assessing impacts of different silviculture treatments on potential fire behaviour require the use of advanced modelling tools (Scott and Reinhardt 2001; . Characterizing potential wildfire behaviour and its consequences as a function of current forest conditions is crucial for addressing wildfire hazard proactively, namely to enhance silvicultural practices through fuel treatments Communicated by Lluís Coll. effective at reducing fire-induced losses (Keyes and O'Hara 2002) .
Maritime pine (Pinus pinaster Ait.) stands extend over 0.714 million hectares in Portugal, 23.4% of its forestland (ICNF 2013) . The species is more fire-prone than other forest types in the country ), and 41.3% of its area burned between 1996 and 2012 (Mateus and Fernandes 2014) . Most of the area is susceptible to highseverity wildfire, due to insufficient thinning and pruning and high fuel accumulation Fernandes 2009 ). Studies in Portugal have addressed the behaviour and effects of fire on maritime pine stands, especially in relation to prescribed burning (Fernandes et al. 2004; Fernandes and Rigolot 2007; Fernandes et al. 2009; Fernandes and Loureiro 2013) . Fernandes (2009) combined forest structure data and fuel modelling to classify Portuguese forest types by fire hazard level and emphasized that stand structure was the main driver of fire vulnerability. In fact, stand structure affects fire hazard through its influence on surface, ladder and crown fuel structure and availability to burn (Cumming 2001; Fernandes 2009; Castro et al. 2003) . Thus, modifying any of these fuel strata will affect fire behaviour and severity. This information is useful and may help develop silviculture guidelines to assist forest managers (Keyes and O'Hara 2002; Peterson et al. 2005) . Interest in reducing pine forest susceptibility to crown fire through stand management is growing , Gómez-Vázquez et al. 2014 . A few European studies considered density (basal area and number of trees) and stand height as potential predictors of fire type (Alvarez et al. 2012; Fernandes 2009; Fernández-Alonso et al. 2013 ). However, understanding of fire-resistant stand structures in Europe is still scarce, empirical, and in debate (Fernandes et al. 2010 (Fernandes et al. , 2015 Alvarez et al. 2012; Viedma et al. 2014) .
Recent studies have developed wildfire risk and post-fire tree mortality models to assist long-term planning (González et al. 2005b; Garcia-Gonzalo et al. 2011; Botequim et al. 2013 ). These models include explanatory variables derived from forest inventories that are controllable by forest managers. These models provide further information to help develop both stand-level and landscape-level management scheduling optimization that may address wildfire risk (González et al. 2005a, b; Garcia-Gonzalo et al. 2014; Ferreira et al. 2012 Ferreira et al. , 2014 . However, these empirical models are independent of fire behaviour. With the exception of the density diagrams of Gómez-Vázquez et al. (2014) to mitigate crown fire hazard, no quantitative guidelines are available to assist forest managers in designing silviculture prescriptions where fire behaviour is integrated. This gap in knowledge hinders the development of quantitative forest management guidelines to mitigate wildfire effects in maritime pine (Pinus pinaster Ait.) stands in Portugal and elsewhere.
Spatially explicit fire simulators such as FARSITE (Finney 2004) and FlamMap (Finney 2006 ) are used extensively both for research and for practical purposes (Alexander and Cruz 2013) . While many issues are apparent, the main fire behaviour models used by practitioners continue to generate reasonable results for many applications (Cruz and Alexander 2010; Martín et al. 2016) . These systems integrate site-specific vegetation, fuel, topographic and weather data to estimate fire behaviour characteristics such as fireline intensity and rate of spread (Finney and Andrews 1999) . The use of fire behaviour simulators requires dynamic weather information and accurate spatially explicit estimation of fuel characteristics, which are difficult to predict over time and space (He and Mladenoff 1999) . This constrains the use of fire simulators when developing medium and long-term forest management plans. Indirect approaches are desirable to overcome this shortcoming such that forest managers are able to design local stand-or compartment-level fuel treatments without actually using fire simulators.
In this study we simulated fire behaviour within an entire landscape to model the causal relationships between maritime pine stand structure and fire proneness. We then used our predictive variables, derived from standard forest inventory, in addition to fuel type and terrain data, to quantitatively support management decisions relating the type of fuel treatment with potential fire behaviour, fire damage, and fire suppression difficulty.
Data and methods

Study area
The case study area, Leiria National Forest (LNF), is a coastal public forest with historical and economic significance located in central western Portugal between latitude 39°42 0 45 00 N-39°53 0 N and longitude 8°03 0 30 00 W-9°03 0 W (Fig. 1) . LNF extends over 10,881 hectares in predominantly flat terrain and sandy soil and comprises 8679 hectares of timber-productive pure maritime pine stands, plus a protection area along the coast managed to prevent dune erosion and to protect the production area stands . A Mediterranean climate with an oceanic influence, dry summers with rainfall concentrated in autumn and winter, and mean annual temperature and precipitation of 15°C and 855 mm, respectively, characterize the region and contribute to the fragility of the local ecosystem exposing it to high levels of fire risk (Scarascia-Mugnozza et al. 2000) . Between 1980 , 39.6% of LNF burned (AFN 2010 . As a consequence, younger stands are currently predominant. Periodic LNF forest inventories for management purposes have been carried out by the Portuguese Forest Service since 1970, whereby one permanent plot (500-1000 m 2 ) per hectare is re-measured every 5 years. The total area is divided into 367 even-aged management units (MU), with a set of 342 units identified as timber stands (Fig. 1a) . The typical LNF forest management consists of natural or artificial regeneration of approximately 2500 seedlings per hectare and mandatory pre-commercial thinning at 15 years of age to 1500 residual trees per hectare. The need for subsequent thinning is checked every 5 years, from ages 20-50 years, leaving the stand at an average density of 200-250 trees per hectare for final harvesting. Rotation age has been close to 80-90 years but there is a tendency to reduce it to 70-80 years (Ferreira et al. 2014; Garcia-Gonzalo et al. 2013 ).
Data
FlamMap 3.0.0 software (Finney 2004 (Finney , 2006 ) was used to simulate fire behaviour characteristics from spatially explicit data. FlamMap was selected because it is the single available option to estimate maximum fire potential, i.e. the fire characteristics exhibited by the headfire section of the fire front when the directions of wind and slope are aligned. Fuel and stand management planning to reduce fire hazard should target maximum fire potential, which FlamMap computes for any given point of a landscape. Data used in the study pertain to three distinct groups: (1) weather, terrain, stand and fuel characteristics used as input data for fire behaviour simulation, (2) output data from fire behaviour simulation, namely fireline intensity (FLI), rate of fire spread (ROS), and crown fire activity (CFA), and (3) the stand descriptors stand density, basal area, and quadratic mean diameter. Slope, aspect, and elevation of the study area (Fig. 1b-d , respectively) were mapped at 25 9 25-m resolution from the country's Digital Terrain Model (DTM) based on standard GIS procedures. Elevation and slope ranged between 4 and 142 m and from 0°to 35°, respectively, and the northwest aspect was prevalent.
LNF forest inventory data were used to characterise stands. Data from 546 plots covering about 342 MU were used to derive (1) the stand variables required to simulate fire behaviour, and (2) additional variables relevant for management planning purposes (Table 1) . Thus, stand height (hdom, m), tree density (N, number of trees ha -1 ), basal area (G, m 2 ha -1 ), quadratic mean diameter (dg, m) and G/dg (a nonlinear density measure related to the number and sizes of trees per hectare) were collected or derived from the inventory data (Table 1) . Crown base height (m) was estimated for each tree according to Torres et al. (2004, Eq . 1) by using tree size characteristics: tree height (HT, dm); basimetric area of the plot (lnSBA, m 2 ha -1 ), a stand density measure; and the basal area of trees larger than the subject tree (BAL, m 2 ha -1 ), a competition index. Then, crown base height was converted to its standlevel equivalent, canopy base height (CBH, m).
Canopy cover (CC, %) was computed after summing the crown areas of the individual trees in each study plot (Torres et al. 2004 ). The maximum crown area (LCW, Eq. 2) of each tree was calculated using mean tree diameter at breast height (dbh, m), crown ratio (CR = crown length/ HT), crown length (CL, dm), and stand height (HT, dm). A mean CC value was assigned to the plot and classified into intervals of 0-20, 21-50, 51-70, and 71-100% as required by FlamMap.
Canopy bulk density (CBD, kg m -3 ) was obtained as recommended by Cruz et al. (2003) . In this case, three main steps were considered: (1) a foliage biomass estimate as per Faias (2009, Eq. 3) was used to obtain the crown biomass of each tree (wl, kg), using information from the LNF inventory database (tree diameter at breast height, dbh, cm and stand height, HT, dm); (2) the canopy foliage loading per plot (wf, kg m -2 ) was calculated by dividing the sum of canopy foliage (wl, kg) by the plot area; (3) finally, canopy bulk density (CBD, kg m -3 ) is the mean canopy biomass for each plot (wf, kg m -2 ) divided by the average canopy length (CL, m), i.e. mean tree height minus CBH.
Fuel models (Fm) for use in fire behaviour simulation were chosen from sets developed for maritime pine stands in Portugal (Cruz 2007; Fernandes et al. 2009 ). Each LNF plot was assigned a fuel model based on 20-year interval stand age classes (Table 2) . Stand and fuel variables for the plots within each LNF compartment were averaged and mapped at the stand level ( Fig. 2) .
Fire behaviour simulation
Both geographic (elevation, slope, and aspect) ( Fuel treatment prescriptions should be planned to withstand critical fire weather conditions. Daily weather records from the nearby (ca. 15 km) Monte Real weather station were used to characterize fire weather so as to define critical conditions to run the simulations, which we equated to the 97th percentiles of air temperature (40.1°C) and relative humidity (17.2%) during the May-October period (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) . The corresponding Fine Fuel Moisture Code of the Canadian FWI System (Van Wagner 1987) was 95.9, which corresponds to a fine (1-h size class) dead fuel moisture content of 4%. For the remaining simulation inputs, we assumed dead fuel moisture contents of 5% (10-h fuels) and 7% (100-h fuels); live fuel moisture contents of 75 and 120%, respectively, for shrubs and tree canopy foliage; and a 6-m wind speed of 40 km h -1 . Fire danger was rated very high (FWI = 38, corresponding to the 93th percentile of its distribution in the region) on the day of the largest fire recorded in the LNF (2578 ha in 2003, i.e. 23.38% of the total area corresponding to 97 MU burned). While the selected combination of weather-related inputs might reflect a seldom experienced worst-case scenario, it can, on the other hand, compensate for the under prediction bias that characterizes the fire behaviour models embedded in FlamMap (Cruz and Alexander 2010) .
FlamMap produced maps of fire behaviour characteristics (ROS, FLI) and crown fire activity (CFA) classification-surface fire, passive crown fire, and active crown fire-over the whole landscape under constant wind speed and fuel moisture contents. Winds blowing uphill and aligned with slope direction were assumed, generating the maximum fire behaviour potential at any given cell. These maps were overlaid with dg, G, G/dg, N and fuel and terrain data layers (Fig. 3) , resulting in 94,207 unique combinations (at the cell level) of variables. The corresponding file was used as a basis to model relationships of fire behaviour and effects with biometric and environmental variables.
Tree mortality estimation
Cell-level tree mortality (Pm) was generated with the continuous function (0 B Pm B 1) of Peterson and Ryan (1986) , calculated from the fraction of crown kill (Ck), critical time for cambium kill (sc), and duration of lethal bole heating (sL); calculation details are described in online resource 1. This continuous function (varying between 0 and 1) responds realistically to changes in fire behaviour and stand structure and predicts mortality levels that are in reasonable agreement with historic observation of fire-caused mortality. Ck (0 B Ck B 1) was determined from the height of crown kill (hk, m), tree height (ht, m), and crown length (CL, m). The latter variables were collected from the LNF inventory and hk determined as per Van Wagner (1973) from fireline intensity (Byram 1959) , ambient air temperature (TA,°C) reached in the convection column above the fire, wind speed (U, m s -1 ), and the lethal kill temperature threshold (TL,°C). Wind speed was adjusted for stand structure (Finney 2004) . We assumed TL = 70°C for maritime pine bud necrosis ) and TA = 40.1°C, i.e. the critical weather scenario. Bark thickness was computed for the observed tree diameters (Tapias et al. 2004 ) and used to estimate the critical time for cambial killsc (min). The calculated duration of lethal heat (sL, min) and burning time (TB, min) were derived from the fuel model loading per size class (wi, g cm -2 ) and fractional consumption in the fuel size class (fi) (Peterson and Ryan 1986) . Peterson and Ryan (1986) model implies that a tree is completely dead when sc \ 0.5 sL. There is no cambial damage, and mortality is determined solely by crown kill when sc [ 4.5 sL. Intermediate values of sc/sL indicate a combination of cambial and crown damage.
Statistical methods
The objective of our statistical analysis was to obtain proxy equations and decision rules for the FlamMap outputs, akin to previous efforts (Noble et al. 1980; Beck 1995) . Logistic regression was used to model the likelihoods of crown fire and tree mortality. The logistic function predicts the nonlinear continuous probability (0-1) of an occurrence. The dependent variable is dichotomous (crown fire or surface fire; tree death or tree survival). A cut-off point may be defined to assign either ''1'' or ''0'' to the event of interest (Hosmer and Lemeshow 2000) . The logistic regression model can be presented as (Eq. 4):
where Y is the dependent variable, x 1 to x p are independent variables, and b 0 to b p are parameters to be estimated.
The initial set of independent variables included landscape data, fire behaviour data, and stand characteristics data (e.g. dg, G, N). In total, 14 independent variables-12 continuous variables and two categorical variables for aspect (north, south, west, east) and fuel model (M-PIN, F-PIN, PPIN-05, V-MAb)-were analysed as potential predictor variables. All data were classified according to acquisition cost to support the development of models suited to end users ranging from typical forest practitioners with little access to data or lacking expertise (models II) to experts with full access to data (models I). Thus, four models were developed to predict the potential for either crown fire or tree mortality in LNF maritime pine stands, PfCrown I and PfCrown II, and PmI and PmII, respectively.
The FlamMap-generated crown fire activity classification for each unique cell was coded ''0'' (surface fire, n = 67,995), and passive and active crown fire observations were merged (n = 26,212) and coded ''1''. Fuel model (Fm) was categorized as a dummy variable. In the case of model Pfcrown I, a dummy pair was created for each fuel model resulting in the following assignments:
For model Pfcrown II, to facilitate field assignment, the four fuel models were classified as litter-dominated (F-PIN combined with PPIN-05 ''F-PIN _PPIN-05'' to represent litter-dominated fuel complexes; and M-PIN with V-MAb ''M-PIN_V-MAb'' for shrub-dominated fuel complexes. Pfcrown I tested the prediction ability of site and fire behaviour descriptors (e.g. slope, FLI) and stand data (e.g. CBH, CC) (Table 3) . Pfcrown II was fitted using site descriptors (e.g. Fm, slope) and available or readily obtainable forest inventory data (e.g. N, G, dg).
A number of variables defining site and stand conditions were used for estimating the probability of tree mortality (Table 4) . Cell-level tree mortality was transformed into a dummy categorical variable, where 0 B mortality \ 0.49 (n = 30,560) was classified as ''0'' and 0.49 B mortality B 1 (n = 63,647) as ''1'' as customarily assumed in tree mortality modelling, e.g. Ganio and Progar (2017) . A subset of the input data to fire simulation was tested to fit model PmI. Biometric variables tested for inclusion in model PmII were restricted to easily measurable or predictable tree and stand characteristics such as dg, G, N, and G/dg.
Of all the available independent variables, only those with a statistically significant (p \ 0.05) effect on the independent variable, as judged by the Wald v 2 statistic, were retained as predictor variables for building a multivariate logistic model. Model assessment and selection considered the Akaike information criterion (AIC) (Burnham and Anderson 2003) and management relevance, i.e. the practical importance of the variable. Concordance analysis was used to support model outcomes interpretation (Hosmer and Lemeshow 2000) . To convert a predicted probability to a dichotomous outcome, an optimal cut-off point was defined corresponding to the value where sensitivity and specificity are equal (Hosmer and Lemeshow 2000) .
Model goodness-of-fit was assessed using HosmerLemeshow goodness-of-fit statistics (Hosmer and Lemeshow 2000) . Model performance was assessed through the likelihood-ratio statistic and by calculating area under the receiver operating characteristics (ROC) curve. Collinearity was assessed by the variance inflation factor (VIF). The odds ratio was used to help interpret results. The JMP statistical software package, version 8 (SAS Institute Inc 2008), was used in all statistical procedures with significance set at a = 0.05.
Classification tree analysis
Classification tree (CART) analysis divides a dataset into increasingly homogeneous subgroups and is adequate to model a categorical response variable from multiple variables, especially when data are nonparametric or unbalanced and relationships are nonlinear (De'ath and Fabricius Survival is defined as an estimated probability of mortality \0.50. See methods for details a Indirectly related to stand density 2000). CART can handle auto correlated data (Calbk et al. 2002) and can potentially reveal complex interactions between predictor variables and quantify their relative influences. Thus, regression trees complement or substitute traditional techniques such as multiple regression, logistic regression, log-linear models, linear discriminant analysis, and survival models (Breiman et al. 1984; De'ath and Fabricius 2000) . CART analysis was used to derive practical discrimination rules for specific forest management activities. We modelled the type of fire (surface, passive, or active crown fire), fire suppression difficulty, and tree mortality from site conditions (fuel model, slope, stand characteristics) (n = 94,207). The type of fire predicted by FlamMap (coded 1, 2, and 3, respectively, for surface fire, passive crown fire, and active crown fire) was employed to estimate thresholds for dramatic changes in fire behaviour in each unique set of cells. Suppression difficulty adopted the fireline intensity (kW m -1 ) classes suggested by Alexander and Lanoville (1989) but merged the two upper classes: low (\500 kW m -1 ), moderate (500-2000 kW m -1 ), high (2000-4000 kW m -1 ), and very high to extreme ([4000 kW m -1 ); the upper class was assigned also when FLI \4000 kW m -1 , but active crown fire spread was predicted. Potential tree mortality in CART was treated as a continuous response variable (varying from 0 to 1). Model over fitting was prevented by basing the number of splits on a tenfold cross-validation.
Results
The FlamMap simulation maps showed that rate of fire spread (ROS) can be very high in LNF (maximum 42.6 m min -1 ). This rate is associated with a maximum fireline intensity of 30,876 kW m -1 , which is almost one order of magnitude higher than what defines the extreme danger class in terms of fire suppression difficulty (Fig. 4) . Severe fires were associated to cells with elevation [50 m, facing North, with a shrub-dominated understory, 30-40% CC, 7-9 m hdom, CBH ranging from 2 to 3 m, and CBD between 0.095 and 0.142 kg m -3 .
Probability of crown fire
The first logistic model (PfCrown I) describing crown fire probability in LNF pure and even-aged maritime pine stands included as predictive variables the canopy cover (CC), canopy base height (CBH), terrain slope (Slp), and the fuel models Fm1 and Fm2 as dummy pair variables (Table 5 ). Crowning likelihood increased with lower CBH and CC, with higher Slp, and with an increasingly important shrub layer. CBH had the greatest impact on the probability of crown fire occurrence, as expected by FlamMap's adoption of Van Wagner (1977) model for crown fire initiation. For instance, in 40-to 60-year-old maritime pine stands characterized by the M-PIN fuel model, the crowning threshold was CBH = 6.7 m (S1a Fig.) . A fuel model (Fm) change may increase the likelihood of crown fire. Indeed, FPIN_PPIN understories combined with low CBH facilitated canopy combustion (e.g. a CBH of 1.5 m) (S1b Fig.) .
The more manager-friendly model (PfCrown II) to predict crown fire occurrence encompassed three alternative models (models 2, 3, and 4, Table 5 ). All models included Fm as a predictive variable, differing in the stand data needed as input (G, hdom). The regression coefficients of all three candidate models (model 2 to model 4) were significant at the 5% level. Collinearity among variables is nonexistent in the three models (Table 5) . 
Probability of tree mortality
After analysing all possible variable combinations, two sets of compatible models to predict the fire-induced probability of mortality were selected (Table 6 ) to address the needs of end users ranging from researchers (PmI-models 5 and 6) to typical forest practitioners (PmII-models 7 and 8). All regression coefficients were significant at the 5% level. None of the three models presents collinearity among variables (Table 6 ). FLI and hdom were the most important variables influencing the probability of mortality in most models (i.e. PmI-models 5 and 6 and PmII-model 8). In this case, higher fire intensity corresponded to higher tree mortality, while higher hdom corresponded to lower tree mortality. In two cases, dg 2 was also included in the model (PmI-model 5 and Pm II-model 8) indicating that larger diameter trees suffer less mortality in case of fire. The fuel model was the most important variable in model PmII (models 7 and 8). The PmII model (models 7 and 8) showed that tree mortality is higher in the presence of a shrub understory layer.
Type of fire
The CART analysis explained 91.5% of the existing variation (after 7 splits), with areas under the ROC curve of 0.996, 0.993 and 0.997, respectively, for surface fire, passive crown fire, and active crown fire. The fire type associated to stands with CBH \7 m and CBD \0.101 kg m -3 (relatively open stands) and with a litterdominated fuel complex was surface fire (100% of the observations) (Fig. 5) . However, passive crown fire was generalized (95.7%) under the same stand conditions but in the presence of a shrub-dominated surface fuel complex. Maritime pine stands with surface fuels categorized as ''Shrub'', CBH \6 m, and CBD equal or larger than 0.101 kg m -3 (relatively dense stands), will allow flames to propagate vertically and horizontally through the canopy resulting in an active crown fire (100% of the cases). On the other hand, when CBH equalled or exceeded 7 m, a CC threshold of 33% discriminated between surface fire and active crowning regardless of surface fuel conditions (Fig. 5) . 
Fire suppression difficulty
The CART analysis of fire control difficulty produced a discrimination based on Fm, CBH, CBD, and CC (R 2 = 0.802, 8 splits). Areas under the ROC curve were 0.974, 0.975, 0.973, 0.986 and 0.971, respectively, for low, medium, high, very high, and extreme fire suppression difficulty. The type of fuel (litter-or shrubdominated) determined the first partition of fire suppression difficulty, low to moderate or high to extreme, respectively (Fig. 6) . Partitions on the left side of the classification tree were based on CBH, CC, and CBD, with increasingly difficult fire control associated to lower CBH. Fire suppression difficulty was rated low when either CBH [11 m and CBD \0.096 kg m -3 , or CBH \11 m and CC [66%, respectively, in 83.6 and PmI x , probability of tree potential from fire behaviour input variables; PmII x , probability of tree mortality from common stand variables. Fm, characterized the type of understory biomass present on the stands (''0'' indicating that is litter-dominated and ''1'' that is commonly occupied by ''shrubs''); SE, standard error; CI, 95% lower and upper confidence limits Eur J Forest Res (2017) 136:527-542 537 81.5% of the cases. Moderately difficult fire control prevailed when CBH \11 m and CC \66% and especially when CBH \15 m and CBD [0.096 kg m -3 . On the right side of the tree, CBH again was the most important variable and the prospects of effective fire control were generally low. Fire suppression was particularly difficult when CBH \7 m and CBD [0.101 kg m -3 (extreme difficulty in 85% of the cases) (Fig. 6 ).
Tree mortality
The CART analysis achieved R 2 = 0.997 with just 3 splits. Maritime pine mortality was total for 63.9% of the observations (n = 63,062), all corresponding to shrub-dominated stands. Hence, Fm was the major determinant of the likelihood of tree death (Fig. 7) . For 97.5% of litter-dominated understories, stands higher than 12 m with CBH[4 m were very likely to survive wildfires (0.04% mortality) (Fig. 7) . 
Discussion and conclusions
Safe and effective fire management in coniferous forests depends of assessing crown fire potential with reliable predictive tools (Stocks et al. 2004; Cruz et al. 2006) . Specifically, crown fire potential assessment should rely on accurate estimates of stand-level canopy fuel characteristics. Yet little guidance exists for its determination, even if quantitative data on tree crown and canopy characteristics are generally available (Scott and Reinhardt 2001) . Models relating stand characteristics with fire vulnerability should include variables controllable through management. This is instrumental to schedule treatments to minimize expected losses. Fuel-related metrics such as surface fuel characteristics, stand density, vertical continuity, and tree size are controllable and can potentially be used as predictors in forest planning systems (González et al. 2006; GarciaGonzalo et al. 2011; Ferreira et al. 2012 Ferreira et al. , 2014 .
The models differ in their predictive variables in order to address needs of different end users with different access to data (from researchers to forest managers). The pfCrownI (model 1) is based on FlamMap input data and can be used when Fm, slp, CBH, and CC are known. Vertical discontinuity in the form of the CBH outperformed the other variables in explaining crown fire likelihood, which is consistent with empirical studies in conifer forests Fernandes et al. 2015) . Results for the alternative set of models driven by commonly available inventory data indicate crown fire likelihood to be a combined function of surface fuel (Fm, litter or shrub-dominated) and stand structure (hdom and G). The PfCrownII (model 2) had the best fit, indicating lower crown fire susceptibility of taller stands with basal area (G) concentrated in fewer trees. Because crown fire resistance is expected to increase with lower G (e.g. Garcia-Gonzalo et al. 2011; Fernandes et al. 2015) , this indicates that older stands with a lower number of trees are less prone to crown fire. Model 4 is recommended when G is unknown. In this case, the model is based on data easy to obtain from forest inventories (e.g. Fm and hdom). Our results are consistent with the determinant role, even if indirect, played by stand structure in determining the type of fire as reported recently for several pine forests in the Mediterranean basin (Alvarez et al. 2012; Fernández-Alonso et al. 2013; Gómez-Vázquez et al. 2014; Fernandes et al. 2015) . In addition, G and hdom are biometric variables commonly related with crown fire model inputs CBH and CBD (e.g. Fernandes et al. 2015) that are not measurable in the field .
Two compatible models (PmI and PmII) were developed to predict tree mortality. The PmI model does not use fire injury indicators (e.g. crown kill, bole kill) as predictors but is driven by FLI, which is the major influence on crown scorch height (Van Wagner 1977) and the major determinant of stem/bole char heights (Alexander and Cruz 2012) . The remaining biometric variables (dg 2 and hdom) in PmI confirmed the findings of previous national studies ( GarciaGonzalo et al. 2011; Marques et al. 2011) . FLI is replaced by Fm in the tree mortality model PmII that includes variables similar to an approach presented by GarciaGonzalo et al. (2011) for Portuguese maritime stands, i.e. related to tree size. Previous studies showed that mature even-aged stands are usually more resistant to fire damage (Agee et al. 2000; Fernandes and Rigolot 2007; González et al. 2007; Omi and Martinson, 2004; Pollet and Omi 2002) and are less likely to be affected by fire (González et al. 2006 ) than multi-storied or young stands. Nonetheless, tree mortality likelihood for litter-dominated situations seems underestimated by comparison with mortalities observed after wildfire, e.g. Burrows et al. (2000) . Various reasons may have contributed to this, namely assumptions regarding the sub-canopy wind profile and the temperature threshold for bud kill; overestimation of the relative role of crown kill on tree mortality in Peterson and Ryan (1986) model; and the fact that simulations do not account for post-frontal combustion and underestimate burning time, hence underestimating both the heat output affecting the canopy and stem girdling due to non-flaming combustion of woody and duff fuels.
Usage of the previous models allows developing sitespecific prescriptions to treat surface and crown fuels, either emphasizing tree survival or fire control, or achieving a compromise between these two objectives. The CART approach is more straightforward and identified thresholds for sudden changes in fire behaviour and further provided quantitative evidence for implementing the hierarchy of fuel-reduction treatment principles (Agee and Skinner 2005) , i.e. reducing surface fuels, increasing CBH and decreasing canopy density (expressed through CBD and CC in the analysis) through thinning. A CBH of 7 m emerged as the most relevant threshold for dramatic changes in the type of fire (Fig. 5) . This threshold is consistent with empirical observations, e.g. Fernandes et al. (2004 Fernandes et al. ( , 2015 recommended a 6-m CBH as the minimum requirement for pruning height, based on experimental fire and wildfire data. Crown fires in maritime pine stands are more common in low (young) stands, as found by Jiménez et al. (2013) . CART analysis also identified a 0.1-kg m -3 CBD threshold which, following an empirical deduction by Agee (1996) , is often mentioned as the approximate threshold for active crowning. The highest fire intensity is attained (100% active crowning, extreme fire control difficulty) whenever CBH \7 m combines with CBD [0.1 kg m -3 and the understory is shrub-dominated Eur J Forest Res (2017) 136:527-542 539 ( Fig. 5) . Stands with these characteristics should be prioritized for treatment. Opening the canopy has implications to surface fuels and the physical environmental within stands. It reduces dead fuel moisture content, increases instand wind exposure, and enhances understory vegetation development (Fernandes and Rigolot 2007; Jactel et al. 2009; Fernandes et al. 2010; Castedo-Dorado et al. 2012) . Thus, the effectiveness of thinning treatments (Scott and Reinhardt 2001; Whitehead et al. 2006 ) depends on a thoughtful combination with the scheduling of surface fuel treatments. The same stand conditions with a ''litter-dominated'' understory produce a surface fire (Fig. 5) , indicating the crucial importance of surface fuel reduction. This study is the first attempt to predict fire type and tree mortality using statistical models by matching information from fire simulations with a reduced set of fuel models and stand characteristics data easily obtainable from forest inventories. The simulation approach relies on linkages between surface and crown fire behaviour models that suffer from some inconsistencies and tend to under predict crown fire behaviour (Cruz and Alexander 2010) . While an alternative modelling approach was not available, usage in this study of fuel models calibrated to reproduce observed fire behaviour characteristics contributed to minimize the potential under prediction bias (Cruz and Alexander 2010 ) and served as a partial proxy for validation. Likewise, empirical models for fire-induced mortality of maritime pine were available, but were either developed for small trees subjected to prescribed burning (Fernandes and Rigolot 2007) or could not be directly linked with fire behaviour (Vega et al. 2011 ), hence our adoption of Peterson and Ryan (1986) model.
Results demonstrate the potential of the methodology to understand the influence of stand and fuel variables on fire behaviour and effects and to identify hazardous fuel situations in maritime pine stands and select mitigation treatments. Our models may be used to help integrate wildfire considerations in long-term forest planning, albeit with the limitations inherent to the fire behaviour models implemented in FlamMap. Thus, optimistic expectations of fuel treatments performance when challenged by wildfire are likely to ensue from the models developed in this study. This is not a critical limitation, because it does not affect the identification of priorities for fuel treatment; fire behaviour is highly variable in space and time and along the wildfire perimeter, which implies that only part of a given area will experience extreme fire behaviour under extreme fire weather conditions, and we have purposely selected a worstcase, very low probability fire weather scenario.
This research provides benchmark values to support the design of canopy and surface fuel treatments in maritime pine stands to diminish the likelihood of high-severity and uncontrollable fire, including prescribed burning, pruning, and thinning. Although the general findings of the study are expected to hold in maritime pine stands elsewhere, model coefficients and variable thresholds are specific of the ranges and combinations of fuel, stand, and slope conditions found in the study area. Hence, development of robust equations to guide fuel treatments in maritime pine forest in general would require a near-complete dataset covering the input variables full variability. Alternatively, regional model variants could be built to address other representative maritime pine landscapes, namely those dominated by steep terrain. Future work should employ robust fire modelling tools (Plucinski et al. 2017) at the stand scale to examine how natural and management-induced fuel and stand structure dynamics interact with the entire fire weather range to determine fire behaviour. This would tackle the uncertainty implied by variable fire weather, contributing also to assess to what extent and under which conditions fuel management is effective at mitigating fire hazard.
